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V0 Bridge excitation voltage
Vm Bridge measured voltage
F Force
s Stress
Z Section modulus of beam’s cross section
σ Strain
l Length
x Distance from point of origin
I Moment of inertia
z Distance from neutral axis to extreme fiber of beam
E Young’s Modulus also modulus of elasticity
y Deflection of beam
P Power
N Number of used ports
Vex Bridge excitation voltage, also V0





X Vector of measured values
X+ Moore-Penrose inverse of a vector, also pseudoinverse




MIS Minimally invasive surgery
OR Operating room
EDM Electric discharge machining
UZ Leuven University hospital Leuven
RCT constant Resistor-capacitor time constant
FSR Force sensitive resistor
DTC Discharge time constant
PWM Pulse-width modulation
PCB Printed circuit board
AC Alternating current
A/D Analog to digital
EM Electro magnetic





1 Beam thickness calculation using Matlab 31





V moderni kirurgiji se vse bolj pogosto uporabljajo minimalno invazivne metode v vse
več operacijah. V nasprotju s tradicionalno kirurgijo ta omogoča hitrejše zdravljenje po
operaciji in manj vidnih brazgotin.
Medenični prolaps se zgodi zaradi staranja podpornega tkiva, kar povzroča
nenaraven spust organov trebušne votline (mehur, maternica, črevesje,...) skozi
vagino. Poglavitni vzroki za medenični prolaps so starost, debelost in naraven porod
po štiridesetem letu starosti.
Sakrokolpopeksija je operacija, s katero se popravi vaginalni zid po prolapsu. Fino
mrežico se našije na maternico in sprednji longitudinalni ligament, ki nato podpira
organe trebušne votline. Sakrokolpopeksija je že bila prilagojena za minimalno
invazivno kirurgijo (laparoskopska sakrokolpopeksija), zato je potrebnih le nekaj
majhnih rezov na trebuhu za vstavitev inštrumentov.
Za takšen poseg so potrebni kirurg, dva asistenta in medicinska sestra, vendar
velikokrat operaciji prisustvuje več asistentov učencev. En asistent uporablja kamero
znotraj pacientovega telesa, drugi pa drži vaginalni manipulator in tako asistira
kirurgu. Zaradi omejenega prostora okoli pacienta in števila osebja to pogosto
pomeni, da morajo biti kirurg in asistenti v nenaravnih položajih (pokrčene roke ali
dolgotrajna drža rok v iztegnjenem položaju, sklanjanje nad pacientom itd.), kar
potem sčasoma lahko vodi do utrujenosti in zdravstvenih problemov. Kot rešitev za
te težave se razvija robot, ki bi glede na kirurgove ukaze sam držal vaginalni
manipulator in kamero.
Da bi lahko robot učinkovito uporabljal vaginalni manipulator, mora imeti neke
vrste povratno zanko, da ne bi pri operaciji po nepotrebnem poškodoval zdravega
tkiva. V ta namen se razvijata dva različna senzorja sile in sicer en v sami glavi
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Slika 1.01: Pogled iz kamere znotraj pacientovega telesa, na sliki kirurške škarje
manipulatorja, prikazan na sliki 1.02 A, drugi pa za ročaj. Po končanem testiranju se
bo primerjalo rezultate obeh senzorjev in odločilo, če so res potrebne vse prostostne
stopnje, ki jih ponuja senzor v glavi, ali so dovolj le tiste, ki jih meri senzor v ročaju.
Senzor v glavi orodja je bil oblikovan tako, da so posamične meritve sil čimbolj
ločene med seboj, torej da sila, ki deluje v eno smer ne vpliva na meritve v preostalih
smereh. To je bilo doseženo z dvema elementoma, ki smo ju poimenovali malteški
križ (slika 1.02 B) in aksialni pretvornik (slika 1.02 C). Vsak od teh elementov je
potreben v dveh izvedbah, saj želimo meriti 6 prostostnih stopenj, 3 sile in 3 navore.
Za visoko ločljivost pri merjenju teh prostostnih stopenj je potrebnih 24 uporovih
lističev, ki se jih nalepi na elemente v pol-mostični konfiguraciji. To nam skupaj da 12
izhodov, ki jih merimo prek cRIO krmilnika in modulov za merjenje uporovih lističev,
podjetja National Instruments. Za namene branja meritev je bilo v programskem
okolju Labview napisanih več programov in sicer program za izračun kalibracijske
matrike K, katere vrednosti so se uporabile pri preračunavanju surovih meritev v silo
v programu namenjenemu uporabi v operacijski dvorani. Program bi izpisoval in
izrisoval graf sil med operacijo, poleg tega pa bi tudi opozarjal, če je sila uporabljena
na pacientu prevelika in lahko vodi v poškode. Poleg teh dveh programov je bil
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napisan tudi program za testiranje meritev. Te so bile opravljene s pomočjo testne
postavitve, za kar smo uporabili kar kos aluminija pravokotne oblike, na katerega sta
bila nalepljena uporova lističa v pol-mostični konfiguraciji. Kos aluminija je bil na eni
strani vpet na mizo, na drugi pa je imel obešeno gugalnico za uteži.
Slika 1.02: Končna verzija senzorja sile (A) z glavnima elementoma: malteški križ (B)
in aksialni pretvornik (C)
Sam material za orodje je bil izbran na podlagi cenovne dostopnosti in
biokompatibilnosti ter možnosti parne sterilizacije, tako je bilo izbrano nerjaveče jeklo
za notranjo konstrukcijo in PEEK plastika za ohišje senzorja. Lastnosti materiala so se
upoštevale tudi pri oblikovanju, z namenom znižanja stroškov izdelave in
združljivostjo z elementi prosto dostopnimi na trgu, npr. vijaki.
Med načrtovanjem naslednjih verzij bi se lahko več stvari izboljšalo. Predvsem so
pri trenutnem modelu orodja težave z sterilizacijo, saj je pri prototipni verziji
potrebna uporaba kirurškega pokrivala. To samo po sebi ni težava, težava je, da bi
lahko pokrivalo omejevalo gibanje senzorja in s tem kvarilo meritve. Poleg tega so
tudi v samem programu napake, ki bi lahko vplivale na natančnost meritev. Tu
govorimo o dejstvu, da je bila občutljivost merilnih gredi malteškega križa privzeta
kot enakovredna med vsemi štirimi gredmi. Žal temu ni tako, saj sta gredi na notranji
strani križa manj občutljivi, zaradi nezanemarljivo majhne debeline notranjega
nosilnega obroča. To napako se lahko zlahka programsko popravi z dodatkom večih
elementov v kalibracijsko matriko.
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Ključne besede: Vaginalni manipulator, minimalna invazivna kirurgija,
laparoskopska sakrokolpopeksija, kalibracijska matrika, Labview
Abstract
Modern minimally invasive surgery can be stressful and tiring for surgeons and
assistans, so in order to relieve some work load a camera holding robot and a vaginal
manipulator holding robot is being designed for use in laparoscopic sarcocolpopexy.
A force sensing vaginal manipulator tool was designed in order to provide relevant
information to the robot and for other analysis. A second force sensing device was also
developed, a clip-on sensor which can be detached from typical vaginal manipulator.
Together with the tool a software to record and display live information during
surgery was also developed. Part of the developed software was also a calibration
matrix calculation, which is used to calculate force used by assistant on the patient
from raw data given by device.
Key words: Vaginal manipulator, minimally invasive surgery, laparoscopic




In modern surgery minimally invasive surgery (MIS) is quickly being adapted for all
sorts of procedures. Compared to conventional surgery, the healing time after
procedure is shortened and produces less visible scarring.
Pelvic organ prolapse occurs due to degradation of supporting tissue, which causes
an abnormal descent of organs (bladder, uterus, colon,. . . ) through vagina. Leading
causes for pelvic organ prolapse are vaginal delivery, age and overweight; up to 50 %
of women who had first vaginal delivery in their fourties are affected.
Sacrocolpopexy is a surgery to repair vaginal vault walls after prolapse, using
suturing mesh and stitching it to anterior longitudinal ligament. It has already been
adapted for minimally invasive surgery (laparoscopic sarcocolpopexy), so only
several small incisions are needed in the abdomen. Personel needed for this kind of
surgery are a surgeon, two assistants and a nurse. One assistant holds and
manipulates the camera inside patient’s body, while the other uses vaginal
manipulator to aid the surgeon. Since the operational area is limited and the
personnel numerous, unnatural body positions, such as those depicted in Figure 1.1,
are required from the surgeon and the assistants, which can lead to health problems
and fatigue over long periods of time. To combat this issue a robot is being developed
to hold the manipulator and the camera, which will respond to surgeon’s commands,
decreasing space used during surgery and allowing surgeon to hold a more natural
posture. A sensor is needed to guide this robot in order not to damage the tissue any
further, which can also happen to assistants. [1]
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Figure 1.1: Surgeon, second from the left, during surgery in unnatural position
In order for the robot to use vaginal manipulator and mimic human assistants some
sort of sensory input is needed, thus we are developing two separate force sensors, one
for the handle of the tool that can be removed and another one in the head of the tool.
Biggest issue with these sensors is that they need to be steam sterelizable, which is
done at temperatures over 120◦C and 100 % humidity.
1.2 Problem statement
For sarcocolpopexy surgery at University hospital Leuven (UZ Leuven), tool in the
shape of an oblong cylinder with handle is used, such as those in Figure 1.2. For this
thesis a similar tool was developed with addition of force sensing capability.
When designing the tool, certain guidelines and requirements had to be considered,
set in collaboration with professor doctor Jan Deprest, a fetal surgeon at UZ Leuven.
The tool had to be smaller than custom made manipulator from Figure 1.2 (B). It also
had to be steam sterelisable and biocompatible, which restricted material selection.
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Figure 1.2: Two types of vaginal manipulators used in surgery, generic straight steel
manipulator (A) and a custom made plastic one with curved handle (B)
Dimensional requirements meant that the usable space was severely limited,
which had to be taken into account when designing the tool. On top of this, the
assistants could not evaluate the forces acting upon the tool, which meant that the
tool had to be designed for use over wide range of forces, from 1 N to 100 N. Tool
ergonomics were also taken into an account - final weight of the tool was less than
0.4 kg [2][3].
1.3 Task statement
The purpose of this thesis was to design a hand held tool for vaginal manipulation
during laparoscopic sarcocolpopexy. To tackle this task, key problems and proper
workflow had to be identified:
• study of material to eliminate possible biocompatibility and sterilisation issues,
and tool ergonomics to limit assistant surgeon’s discomfort during surgery,
• design of a tool smaller than original, capable of measuring a wide range of
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forces,
• proper selection of hardware and writing of software to limit and eliminate
possible measurement errors.
1.4 Conclusion and outline
For the development of force sensor in the head of vaginal manipulator, materials
were studied to comply with biocompatibility and steam sterilisation. Transducer
elements were designed in a way to allow maximum force decoupling, to prevent
erroneous measurements. Strain gauges were chosen as the element to transform
mechanical stress into electrical signals, which we then measured with the help of
National instruments hardware and software written in Labview.
Despite the tool being as of yet unmanufactured and some errors in design and
software bugs, which should be easily fixable in the future itterations of the project,
testing revealed that concept of the device works quite well.
2 Force sensing vaginal manipulator
2.1 Material selection
When selecting materials a combination of plastics and metal was considered. The
handle rod and internal parts of the sensor were to be metal with a plastic outside
shell. This was done in order to reduce the weight of the tool, while simultaneously
increasing rigidity and strength.
The choice of metal was simple, while both titanium and stainless steel were
considered, stainless steel was chosen. Titanium has better corrosion resistance than
steel [4], while also being stronger and almost 50 % lighter. This however means that
titanium is also a lot more expensive than steel and for prototyping thus not
favourable. Stainless steel has adequate strength and biocompatibility and can be
steam sterelized [5], which is enough by our criteria.
Choice of plastics was a little more difficult. Two plastics commonly used in
medical devices and tools were considered, polyether ether ketone, commonly
reffered to as PEEK, and polyphenilsulfone, commonly reffered to as PPSU. Their
physical properties are quite similar, with both having nearly identical strength,
density and glass transition temperature, while also being biocompatible and steam
sterelizable. In the end PEEK was chosen, purely because PPSU was unavailable to
the manufacturer at the time. Similarity between these two materials also means that
in the future they can easily be switched without impacting structural stability of the
device or its function.
10
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2.2 Force detection
Several different options were considered for force detection, with main considerations
being a wide range of detectable forces, stability at constant force and small size of the
sensor.
2.2.1 Capacitive force sensor
Capacitive force sensors operate on the principle that capacitivity changes when force
is applied to them. This can happen by either decreasing distance between the
capacitor plates, shifting the plates or both, depending on the sensor design, however
in force sensing application the most common type of sensor uses the former method.
Figure 2.1: Principle of operation for capacitive force sensors
Reading this sensor requires additional electronic circuit, with two simplest
measuring principles being based on resistor-capacitor time (RCT) constant or
oscillation circuit. Both of these require accurate resistance values of resistors used
and any error in resistances would lead to error in measurements. They also need
switching input supply, either a PWM or AC signal.
This sensor has great electromagnetic noise reduction, but it can suffer from stray
12 2 FORCE SENSING VAGINAL MANIPULATOR
capacitance and sensor leads can affect the measurements, which in our case could
greatly impact the measurement, because of length of cable needed. It is very sensitive
and can detect even low forces, but its uncalibrated characteristic is usually non-linear
due to edge effect, which occurs if the force does not act upon the whole sensor, but
only part of it. Example of this can also be seen in Figure 2.1, where the distance
between capacitor plates is smaller in the middle where force acts, than at the edges.
Temperature can also have a great effect on its performance, due to dielectric used.
C =
ϵr ∗ ϵo ∗ A
d
(1)
As a result, due to non-linearity, price of the sensor and difficulty of setting it up, this
type of sensor was not selected for our application.
2.2.2 Force sensitive resistor
Force sensitive resistor (Figure 2.2) also known as FSR is a resistor whose resistance
changes when force or pressure is applied. It consists of three parts, a substrate with
printed conductive polymer, a spacer that keeps pressure equilibrium with atmosphere
and prevents direct contact between substrates and a substrate with electrodes. It’s
most often used in voltage dividers or on its own when measured, as its output is
strong enough to be measured on it’s own. Most common use for FSR is in quick
prototyping, since basic unit is quite cheap.
When unstrained it has theoretically infinite resistance, in practice it is greater than
100 kΩ. When force reaches values of around 1 N its response becomes linear on
logarithmic scale, before that it is usually not used because it is not reliable.
Unfortunately FSR doesn’t have a good repeatability, same measurements can have
upwards of 5 % error and a version that would survive steam sterilisation process does
not come cheap, it can cost up to 200 eper unit. These reasons make it inappropriate
for our use.
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Figure 2.2: Typical force sensitive resistor. Source: [34]
2.2.3 Piezoelectric crystal
Piezoelectric crystal is a crystal, such as quartz or tourmaline, that produces charge
under stress. Because of this charge generation crystals do not need external excitation
voltage, however due to their low signal levels and high impedance, special measuring
equipment is needed [6]. The sensor is usually connected with short low noise cable to
a charge amplifier, which transforms high impedance charge output of the sensor to a
low impedance voltage, which can then be measured with other instruments.
Unfortunately piezoelectric force sensors are mainly meant for dynamic forces,
since static forces quickly deplete crystal’s charge. The maximum time a force can be
applied before charge depletes is determined by discharge time constant or DTC and
is defined as time in which the sensor discharges its signal to 37 % of its original value
after step change on its input. Difficult conditions for measuring and sensor’s
inability to measure static forces mean that this type of sensor is not appropriate for
our use.
2.2.4 Optical sensing fibre
Optical sensing fibres are a relatively recent method of measuring forces and it was
mainly considered simply because a sample was available at the lab. It turned out
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pretty fast that this method is not appropriate for our application, as it is currently
adjusted for small forces, only up to 2.5 N [7]. Nevertheless the method is fascinating
and we will describe the working principle.
Sensor consists of several elements: emittor, receiver, optical fibre and a reflective
surface are the main ones. Offset sinusoidal signal is fed to the emittor, which then
as its name suggests, emits light through optical fibre. Around the tip of measured
instrument a flexible structure is placed, upon which reflective surface is fixed, several
hundred micrometers away from the ends of optical fibres. For a 3 DOF sensor 3 pairs
of optical fibres are used, arranged at 120 degree intervals between each other [8].
When force is applied to the tip of the instrument, reflective surface moves closer to
the tips of fibres and more light is reflected back at the receiver, as shown in Figure 2.3.
When axial force is applied all 3 pairs of fibres are displaced the same amount, however
when lateral force is applied some fibres displace more than the others. Calibration
matrix is then used to determine the magnitude of force applied.
Figure 2.3: Working principle of optical sensing fibre
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2.2.5 Strain gauge
Strain gauge is in essence a flexible wire resistor. They come in various shapes and
sizes and can be used over a wide range of forces, which makes them excelent choice
for our application. They also have a relatively low static force and repeatability error
[9], usually below 3 % of maximum design force. Unfortunately they also have several
drawbacks, mainly that their output varies wildly with temperature and humidity and
they can experience drift error. Most of these drawbacks can be solved with aditional
circuitry, the simplest one being Wheatstone bridge, which combines several strain
gauges to decrease or eliminate these errors.
When wire is subjected to a stretching force a part of it begins to thin and with this
decrease of wire cross sectional area the resistance increases. The opposite happens
with restricting force where the cross sectional area thickens and resistance decreases.
Strain gauges use this principle which can be applied to measure strain and forces.
Wire is essentially looped several times, as shown in Figure 2.4 to increase change in
resistance when force is applied. Modern strain gauges are made of metallic ink which
is applied to a flexible polymer surface.
Figure 2.4: Typical strain gauge package, only the measuring grid contributes to
measurement. Source: [35]
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Each strain gauge is tailored to a specific material, to which it should be glued,
most common types are for aluminium and for stainless steel, but they can also be
found for plastics and other materials. While strain gauges are technically not steam
sterelizable, specifically tailored adhesives and coatings can keep them protected from
moisture and heat. This problem is also mitigated with external plastic shell, which
limits steam leaking inside the sensor. According to research [10], best combination of
adhesive-coating is Vishay M-Bond 610 and for coating Henkel Loctite M-11FL.
2.3 Wheatstone bridge
Wheatstone bridge [11] is a circuit designed to measure small resistance changes and is
usually composed of 4 resistors. There are 3 main types of Wheatstone bridge: quarter
bridge, half bridge and full bridge.
Quarter bridge configuration (Figure 2.5 A) features 3 reference resistors with high
precision and one resitor whose resistance changes. It offers no error compensation,
so differences in temperature would impact the measurements greatly. Half bridge
(Figure 2.5 B) features two reference resistors and 2 variable resistors that measure
opposing strain and as such provide temperature compensation. While strain induces
positive change in resistance in one resistor, it induces negative change in the other,
but change in temperature affects both resistances in the same way. Full bridge (Figure
2.5 C) features only 4 variable resistors and offers more error compensations and twice
the resolution of half-bridge configuration.
As stated before, the circuit is prone to several errors [12], most prominent of which
are error caused by variations in temperature, lead wire parasitic resistance error, zero
offset error and electromagnetic interference error. Parasitic resistance error and zero
offset error can be decreased with software, while EM interference error can be reduced
with design of the sensor, such as cable shielding and decreasing cable exposure to
strong magnetic fields.
For our application half-bridge configuration was chosen. It offers good
temperature error compensation and decent measurement resolution while being 2
times cheaper as full bridge. Using full bridge would also mean that more space
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would be needed for strain gauge mounting.
Figure 2.5: A quarter (A), half (B) and full Wheatstone bridge (C) configuration with
strain gauges
2.4 Design proces
The tool went through iterative design process. Several different versions were
designed and each was then tested with finite element analysis method (FEM) and
changed according to the results. In total, three distinct design versions could be
identified, each having several subversions with minor adaptations. All versions
employ some form of a beam upon which strain was to be measured with strain
gauges.
2.4.1 First iteration
The first version was developed after a research of previous force sensing projects at
the lab, inspiration was mainly taken out of ”Design and development of a clip-on
force sensor for a surgical instrument in foetal surgery”[13]. It was composed of four
force sensing elements in the shape of number 25, henceforth reffered to as part 25
shown in Figure 2.6, placed symetrically around a rectangular cuboid shaped central
column, which would serve to measure lateral forces. A fifth element, which was in
essence part 25 split in the middle and placed side by side, was placed at the top of
the column, to measure axial forces acting upon the device. The column would then
be secured to a handle rod and enclosed in a shell.
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The principle of operation of part 25 is that when a force would be applied at the top
of the part, the horizontal beams would bend [14]. Resulting strain would be picked
up by strain gauges mounted on the beams. The strain on both beams of a part would
be approximately the same.
Figure 2.6: Beam deflection of part 25 when force acts upon it
During FEM analysis of this version of the device, several issues were identified.
While part 25 was easy to modify and manufacture, mounting of strain gauges upon it
would be very difficult, since the gap between beams is only 5 milimeters. Small size
of this gap meant that proper and even adhesion of the gauges, which is essential for
accurate measurements, could not be guaranteed.
The fact that strain acting on both beams would be approximately the same
proved to be the second problem, as this would render the device incapable of
measuring torques. Third problem was the assembly itself, as depicted in Figure 2.7.
The part mounted on top of the device was meant to measure axial forces, however
the fact that it was mounted on the top meant that some of the force acting in axial
direction would instead be decoupled through the shell and onto lateral force
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measuring elements and through the mounting column. Because lateral elements
were not meant to measure axial forces, some of the sensitivity of the device would
thus be lost, which could corrupt measurement data.
All of these issues rendered the first version inaccurate and difficult to assemble
and another version was devised to correct them.
Figure 2.7: Full assembly of first iteration, composed of parts 25 placed around central
column
2.4.2 Second iteration
The second version of the device still employed central column to attach and support
lateral force sensing elements, however this time it was not fixed upon a handle rod,
but rather it was resting on top of a modified part 25. This modified part would then
be fixed to the handle and bottom part of the outer shell.
Lateral force sensing elements were also changed and named maltese cross. This
meant that instead of four elements to measure lateral forces only one is needed. In
order to measure torques as well an additional maltese cross element is needed, spaced
appart from the first one. This allows us to measure forces in two different points on
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the device and calculate torques out of measured values.
This time the modified part for axial force measurement also proved to be poorly
designed. While in normal operation it would have worked fine, it turns out that a
lateral force of half of foreseen magnitude, 50 N, at the very tip of the device would
cause significant amount of shear stress on the horizontal beams of the part, causing
them to break. To combat this, a similar part was placed perpendicular to it, shown in
Figure 2.8 B, in an effort to reduce this shearing stress. The shear stress was successfully
reduced, unfortunately now the perpendicular part experienced a twist on its beam,
which also caused it to break, when subjected to forces above 50 N.
Figure 2.8: Second iteration assembly (A) and laterally reinforced assembly (B)
Besides the breaking problem, force decoupling was still not properly solved. With
axial transducers being mounted on the bottompart of a shell, which was also in direct
contact with the handle of the device, most of sensitivity was lost when force was
applied at the bottom shell level.
With all these design failures in mind, a third, final version was designed with
improved maltese cross elements.
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2.4.3 Maltese cross
The maltese cross element takes its name from resemblance of early prototype to a
symbol with the same name. The early prototype was a simple cross shaped structure
within a ring, that would be placed on the inside of outer shell of the tool. It quickly
turned out that this structure was too stiff to actually measure any forces, however the
idea behind it was intriguing and thus emplored us to research it further.
The principle of measurement with maltese cross is, that if a force is acting in
direction of a beam, it will remain stiff, while the beams perpendicular to it will
deflect. In total 3 types of maltese cross transducers were designed.
2.4.3.1 First version
The first version of maltese cross transducer had two rings, one inside the other,
with two S shaped structures connecting them, as shown in Figure 2.9. The structure
would start with a straight beam at the outer ring and then curve towards the inner
ring, ending with another straight beam perpendiculary to its starting direction. The
second structure would be mirroring the first one. The idea was that when force would
be acting in direction of one of the beams, it would remain stiff and the perpendicular
one would deflect. Unfortunately this did not prove to be a case, as when the beam
deflected, it pulled the one that was supposed to be stiff and deflected it as well. This
proved that S shaped structures have to be connected in some way in order not to
influence one another.
2.4.3.2 Second version
Second version of the cross had four beams that ran at a 90 degree offset from one
another from outer ring to the inner one. Each beam had one contact point on the
outside ring and two contact points on the inner ring, in such a manner that beam was
split in a V shape before connecting to it, as shown in Figure 2.10.
Because of the V shape of beams, if a force would act in direction of it, the shape
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Figure 2.9: The first version of maltese cross transducer
would collapse and the beam would remain straight, however if the force would act in
direction perpendicular to the beam, it would bend. This property fixed first version
problem of the beams influencing one another, however from design aspect this part
would be very difficult to manufacture, with the main issue exactly with the V shape
of beams. That shape can not be achieved with standard manufactoring techniques,
because of the finite tool size and even with advanced techniques such as wire electric
discharge machining (EDM) it would be hard to accomplish.
2.4.3.3 Third version
Final design of the maltese cross incorporated three rings and four beams as
shown in Figure 2.11. Two beams colinear to each other connect outside ring with a
middle ring and the two remaining beams, which are also colinear with each other
but perpendicular to the first two beams, connect middle ring with inner one. This
arrangement of beams provided necessary rigidity and force decoupling as well as
sufficient space for mounting of strain gauges.
With subsequent redesigning of the maltese cross, the middle ring went from
being square shaped to more of a rectangular shape, which made the beams longer
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Figure 2.10: The second version of maltese cross transducer with V shaped beams
and thus force would induce more strain, which would give us better resolution at
lower forces. Rectangular shape was also supposed to provide a physical stop to the
beams, so in case of a too large force they would not break. Unfortunately because of
manufacturing limitations the gap between rings can not be smaller than 0.2 mm and
the maximum beam deflection before plastic deformation occurs is about half of that,
however device’s lateral forces are not expected to be anywhere near maximum
value, as most of the force would be acting in axial direction, thus the feature was
kept in order to at least reduce damage to other parts of device, if not the cross itself.
Most of maltese cross designs are based on deflected beam approximation. At first
it was thought that the best approximation for calculations would be a simple
cantilevered beam with a load on one end, however after further research it turns out
that that is not the case. The most fitting approximation is actually a beam that is free
but guided on one end and rigid on the other, with a single load applied at the guided
end, mathematical representation of which can be seen in Figure 2.12.
This beam approximation can be described with three simple equations for stress,
strain and deflection across the beam.
s =
F ∗ (0.5l − x)
Z
(2)
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Figure 2.11: Final version of maltese cross transducer
Equation (2) represents equation for stress calculation, where l is length of beam, x is
distance from rigid end of the beam to measuring point, F is force and Z is section





With I being moment of inertia and z is distance from neutral axis to extreme fiber of
the beam. More on section modulus and moment of inertia can be found in chapter





Where E is Young’s modulus of material from which the beam is made, for stainless




(3l − 2x) (5)
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Figure 2.12: Mathematical approximation of maltese cross beams
Deflection is not used much in our case, it is mostly to show if the finite element
analysis (FEM) agrees with manual calculations or not and what the expected error is.
2.4.3.4 Axial force transducer
Axial transducer is the second sensing element, the first one being the already
described maltese cross. It is simpler in design, essentially just a flat disc [15] 1 mm in
thickness. It has an outer ring and four flat beams that connect in the middle.
Principle of operation is similar to that of maltese cross, which is why that name is
used interchangably in the chapter Clip-On Force Sensor, despite not being the same
element. Axial transducer can be seen on Figure 2.13.
2.5 Final iteration
The device’s final iteration was quite different from previous attempts and even
elements that remained the same were used differently. There are 2 types of
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Figure 2.13: Axial transducer element
transducers, the maltese cross and axial transducer. Maltese cross is meant for lateral
force measurement and torque measurement, but at the same time it decouples force
across axial transducer. This way force decoupling actually aids in measurements
instead of inhibiting them. Part of assembled tool can be seen in Figure 2.14, full tool
cross section can be seen in Figure 2.17.
The decoupling is done with the help of another part, named axial force
transmitter. Maltese cross transducer is placed on top of this transmitter and secured
in place with the help of an M8 half nut. Axial transducer is then secured between
transmitter and padding ring with M2 size bolts, this is done to prevent axial
transducer’s outer ring from deforming when force is applied to the device. As axial
transducer is only meant for measurement of axial forces and side to side movement
needs to be limited, a central core of device was designed. It’s composed of three
round, screw like parts that combine with each other. Three core parts are needed,
because two transducer-transmitter assemblies are used to obtain 6 degrees of
freedom (DOF), 3 forces and 3 torques. Centre of each axial transducer is clamped
between these core parts, to prevent its movement and allow only the beams to
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deform. The top most core part also has a physical stop feature. If axial force is too
large the transmitter comes into contact with this part and prevents any harm to the
device. Unlike physical stop in maltese cross this one is actually effective and it needs
to be, since assistants could not asses the force used when handling the device and it
could be more than predicted 100 N. Any excessive force would be decoupled straight
through the core, leaving transducers undamaged [16].
Figure 2.14: Part of assembled tool: (A) completed subassembly with transducers, (B)
subassembly missing maltese cross, (C) external spacer and (D) bottom part of inner
core
Another part of force decoupling between transducer-transmitter assemblies is a
part called an external spacer. In essence it is a hollow tube placed inside the shell
and between maltese crosses of the assemblies. This way the assemblies are connected
directly and share the force load, which gives us a wider range of forces to be measured
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while at the same time ensuring minimal loses due to undesirable decoupling.
Part of the device is also its outer shell. It’s composed out of two parts and made
out of PEEK plastic. Each of the shell parts has a corresponding thread carved into
them, so they can be screwed together, this also firmly presses the shell against
transducer assemblies, as a loose contact would mean poor measurement results. The
shell unfortunately has two problems, the first one being a seam between two shell
parts. When they screw together, due to manufactoring imperfections, a seam is
created between them where organic matter can get stuck. Second problem is a hole
through which the device is attached to a steel handle. Since the handle should not
touch shells to avoid force decoupling, hole in the shell through which handle is
passed needs to be slightly larger than handle itself. This creates another entry point
for organic matter and together with the first problem makes repeated use of
unprotected device unsanitary.
Luckily a low cost solution for these problems already exists, a surgical drape.
Before every surgery a drape would be put over device, which would prevent entry of
organic matter as well as make its cleaning less rigorous. This is of course only a
temporary solution, used only for the prototype of the device and would not be
acceptable for regularly used devices.
2.5.1 Force and torque transfer
To transfer torque from the outer shell to maltese cross, a simple feature was added to
the cross: a key [17]. The shell on the other hand was given a keyway to fit it. Both were
designed by metric standard for parallel keyways and key sizes, although size chosen
for our application is smaller than recommended, it should not affect preformance of
the device, due to small torques predicted and low speed changes in them.
Keyway was designed to be 4 mm in width, which gives us a depth of 1.8 mm as
per standard. The length of the keyway is not specified in the standard, but it is rather
dependant on the design of an object and manufacturer’s capabilities. In our case the
keyway is 24 mm in length with a tolerance of P9 according to ANSI B4.2 standard.
This tolerance is very tight, it specifies that a hole between 3 and 6 mm in width can be
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12 to 42µm smaller than specified. More on tolerances in chapter 2.5.4.
A key was added to each of the maltese crosses on their outer ring. It not only
served to transfer force from shell to them, but also to keep them aligned. If the crosses
would be misaligned, any proper measurements would be difficult. The key was 4 mm
wide and was protruding 2 mm from the outer ring dimensions of the cross, it also
shared height with it, which is 5 mm. This key also served as a cut off point for wire
EDM during manufactoring.
The transducers do not directly measure forces, rather they measure the strain on
beam elements that the forces cause [18]. To avoid a large set of manual calculations
used to calculate force from strain, a different solution was found. For each
directional force the strains of each beam are simply added up and calibrated using a
matrix in software after acquisition. More on the calibration in subsection 3.2.1. For
the most part these equations are as straightforward as adding all the strains
measured in the same direction.
σFx = σx11 + σx12 + σx21 + σx22 (6)
σFy = σy11 + σy12 + σy21 + σy22 (7)
σFz = σz11 + σz12 + σz21 + σz22 (8)
The torques on the other hand require a bit more thought. In order to avoid searching
for a point of origin of a coordinate system manually, calibration with the help of
matrices is used again. Strains from the lower transducer are subtracted from the
strains of upper one. This way when the force acts directly towards the coordinate
system origin, there is no torque measured.
στx = (σx11 + σx12 − σx21 − σx22) (9)
στy = (σy11 + σy12 − σy21 − σy22) (10)
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This method only works for torques around the x and y axis, for the z axis torques
all of the strains measured in lateral direction need to be summed up. Because this
summation is not as intuitive as previous ones, a table of strains calculated with the
help of a 3D model was made and the degree of error this method has was also
calculated. The summation is as follows:
στz = (σx11 − σx12 + σy11 − σy12 + σx21 − σx22 + σy21 − σy22) (11)
Because all four of maltese cross beams twist in an S shape when torque around
z axis is applied, strain on the beams parallel to each other needs to be subtracted in
order for the torque to be zero when only lateral forces in the direction of the coordinate
system origin are applied.
These calculations were done under the assumption that sensitivity of all strain
gauges is the same, unfortunately it turns out that strain gauges placed on the inner
beams of the maltese cross element have lower sensitivity. This stems from the fact
that the rectangular structure that connects beams on outer ring with the ones on
inner ring is not infinite in size, in fact it’s only 1.8 mm in thickness as opposed to
beam’s thickness of 1 mm. This makes inner ring beams about 20 % less sensitive than
outer ring beams. This mistake was caught too late and was thus not fixed during
programming phase of this thesis, instead it will have to be fixed in future versions of
the tool.
2.5.2 Beam size
Beam size is dictated by moment of inertia calculation and also by personal choice.
According to another study with a similar setup as ours, the lowest amount of strain
that can be measured and discernible from noise is 3.6 microstrain [19]. This gives us
a starting point for our calculations. The height of the beam was predetermined and
chosen to be 5 mm. This height was chosen because it is dictated by total allowed
height of complete tool and thickness of strain gauges to be mounted on the beam,
2.5 Final iteration 31
which is also 5 mm. Thickness of beam calculation starts at section modulus, equation
(3). This is a geometric property of a given cross section and is usually used to design
beams. It is calculated by dividing moment of inertia with distance from neutral axis
to extreme fibre of the beam, in our case the latter is just half of the thickness we are
calculating. This was all done using Matlab and results were confirmed using
Autodesk Inventor stress analysis enviroment, which uses FEM to calculate
behaviour of simulated element.
1 Fcross = 0 . 2 5 ; % f o r c e
2 SF = 2 ; % s a f e t y f a c t o r
3 l = 7 . 5 E−3; % length of beam
4 E = 180E9 ; % Young ’ s modulus f o r s t e e l
5 b = 0 . 0 0 5 ; % height of beam
6 %d = 0 . 0 0 1 ; −−>expected
7 %z = d/2;
8
9 e = 3 . 6 E−6; % minimum s t r a i n
10 s = SF∗e∗E % s t r e s s
11 Z = Fcross ∗0 .5∗ l /s ;
12 %I =Z∗z
13 %b∗dˆ3/12 = Z∗d/2
14 %dˆ3/d = 6∗Z/b
15 d = s q r t (6∗Z/b ) % t h i c k n e s s of beam
Snippet of Matlab code used to calculate the desired thickness of the beam
Result obtained using this method gave the thickness of beam to be 0.932 mm and
maximum stress produced by using force of 0.25 N was 1.296 MPa. This was increased
to 1 mm for easier design and manufacturing [20]. Beam thickness of 1 mm used in
simulation gave results of 1.322 MPa for stress and strain of 3.719 microstrain. Force
of 0.25 N was chosen because minimum force our design should measure is 1 N and
there are 4 beams to measure it. Difference in results is due to the usage of safety
factor of 2, which is not exactly correct as it is slightly higher. Despite safety factor not
actually being part of stress calculation, it was included because of resons listed in the
next chapter. Adding a fillet to edges of beams essentially increases its surface area
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at a point of maximum stress by a factor of 2, due to the fact that stress is inversely
proportional to the area which it affects.
Subjecting a 1 mm thick beam to a force of 25 N, again a quarter of maximum 100 N,
yields results for stress in simulation to be 116.7 MPa, while Matlab calculation gives
result of 112.5 MPa. Safety factor at this magnitude of force is 2.14.
Same calculations were done for axial transducer, whose beams are 1 mm in
thickness and 6 mm in width.
2.5.3 Stress concentration
Important part of devices being able to handle high forces is also stress concentration.
High stress concentration occurs when so called stress flow lines [21] are subjected
to abrupt change, such as cracks, holes or corners. Similar example could be suddenly
decreasing diameter of pipe through which water flows, the change obstructs the water
flow and it is no longer smooth. To decrease stress concentration several methods can
be used, in our case fillets [22] are used. Most of the high stress concentration features
in parts were filleted.
Most important decrease of stress concentration is at the edge of beams in the
maltese cross part. In fact without fillets the beams would fail in forces as low as 50 N.
Fillet size was chosen in such a way that safety factor was increased as much as
possible while at the same time not decreasing length of straight beam too much,
which would negatively impact strain gauge placement.
The dependency between saftey factor and fillet size is shown in graph in Figure
2.15.
The final fillet size chosen was 0.5 mm which leaves approximately 6.5 mm of beam
for mounting of strain gauge. With this fillet selection Safety factor at force of 100 N is
approximately 2.14.
Stress concentration is usually measured with a stress concentration factor, which
is a ratio between an average stress in material and stress at the deformity (cracks,
holes,...). This factor needs to be obtained experimentally and we could not find any
publication that would include an example that could be used in our case. Fortunatelly
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Figure 2.15: Graph describing relation between safety factor and fillet used on stainless
steel beams
stress concentration factor is not needed in this case, as results were obtained with FEA
and fillets designed accordingly.
2.5.4 Tolerances
There are in total three tolerance [23] standards that had to be considered during the
design and making of technical drawings. These standards are ISO-2768 [24] for
general machining tolerances, ISO/R 773 or ANSI B4.2 for rectangular or square
parallel keys, already described in chapter Force and torque transfer, and ISO 965-5
for general purpose metric thread tolerances. The most important for us is the first
one, on general machining tolerances and can be seen in table 1.
For the most part tolerance grade used was m (medium) to avoid unnecessary
manufactoring costs, fine grade was only used for measuring elements maltese cross
and axial transducer and bottom part of the shell. This was done because any large
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deviation in measuring element geometry could lead into bad measurements. Shell
had to be machined to fine tolerances in order to properly fit other parts inside. In the
parts that have tolerance grade of medium, only the important dimensions had a
separate mark of fine, this was again done to reduce manufactoring cost by making
whole part a fine grade.
Tolerance
grade

















f (fine) ±0, 05 ±0, 05 ±0, 1 ±0, 15 ±0, 2 ±0, 3 ±0, 5 -
m (medium) ±0, 1 ±0, 1 ±0, 2 ±0, 3 ±0, 5 ±0, 8 ±1, 2 ±2
c (coarse) ±0, 15 ±0, 2 ±0, 5 ±0, 8 ±1, 2 ±2 ±3 ±4
v (very coarse) - ±0, 5 ±1 ±1, 5 ±2, 5 ±4 ±6 ±8
Table 1: General machining tolerances by ISO 2768 standard
Metric thread tolerances standard has two parts, one for the threads on nut type
elements and the other for bolt type. We only used two tolerances in our designs, the
first one was 4g6g, which describes tolerance for pitch and outer diameter of a bolt
type element. It indicates that the bolt needs to be about 50µm smaller than specified,
for example an M20 bolt needs to be between 19.682 and 19.962 mm in size. The second
tolerance used was for nut type elements, 6H was used. This tolerance indicates that
the hole needs to be larger than specified, so an M20 nut would actually be between 20
and 20.304 mm in size.
2.5.5 Manufactoring process selection
Fine tolerance machining with traditional CNC machines is quite hard, so another
method had to be used. In the end wire EDM was chosen for cutting of measuring
elements only, as those were the only ones in need of it. Wire EDM or electric
discharge machining uses a thin metal wire through which a high voltage is sent to
electrically erode metal. Wire can be as thin as 0.02 mm and can cut tolerances as tight
as 0.021 mm, but in our case it only needs to be accurate to 0.1 mm as that is the
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specified tolerance by ISO standards. It’s important to note, that a cut-off point should
be specified for all elements cut with wire EDM method, as the cut-off point is usually
the least accurate and needs further machining, such as polishing.
The rest of the elements were to be machined with standard machining techniques.
Hardest part to machine like this would be top part of outer shell. The key hole, meant
for force and torque transfer, would be hard to machine with thin drill bits, as they
could either break or bend and ruin tolerances in such a small and deep hole. In the
end outer shell design had to be modified slightly to allow for easier machining.
The part that was the least concern during machining was the external spacer,
which serves to decouple from maltese cross element at the top of the tool, to the cross
at the bottom. It only needed a rough cut, as it would later be sanded down to
appropriate dimensions. This had to be done in order to reduce effect of tolerances of
other parts. If this spacer was cut too long and not sanded, it could give false force
readings during measuring.
2.5.6 Assembly
The tool is assembled from a total of 13 different pieces. This is done in three steps,
the first step is to assemble two transducer sections. The maltese cross, in Figure 2.16
marked (E), is secured upon force transmitter (B) with the help of half nut (A). Then
the axial transducer (F) is sandwiched between bottom of the force transmitter and the
padding ring (G) and secured with M2 bolts (J). For one transducer assembly a part
of inner core (K) has to be inserted before axial transducer is secured. Middle section
of inner core (L) is then tightly screwed onto top section. External spacer (H), which
has to be precisely sanded in order to provide tight connection, is then placed between
the two transducer assemblies. The core is completed with addition of the bottom part
of inner core (M), to which the handle (I) is secured. Top part of outer shell (D) is
then used to properly align transducer assemblies, before bottom shell (C) is added,
completing the tool.
In the force transmitter holes were made in order to lighten the tool, as well as to
provide a way for wires from strain gauges. Bottom part of inner core also has holes
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Figure 2.16: All parts used to assemble the tool: (A) M8 nut, (B) force transmitter,
(C) bottom shell, (D) top shell, (E) maltese crosses, (F) axial transducers, (G) padding
ring, (H) external spacer, (J) M2 bolt, (K) middle part of inner core, (L) bottom part of
inner core, which fixes to a handle (I) and (M) top part of inner core with physical stop
feature
in it, to guide cables through the handle and out of the tool. Figure 2.17 shows color
coded cross section of the assembled tool. Red represents the measuring elements
maltese cross and axial transducer, while green is force transmitter and padding ring.
Blue are commercially available screws and nuts. Different shades of orange colour
is an inner core assembly, where dark orange part is also a connector for handle and
guide for cables. Dark gray colored part is external spacer. It can be easily seen on
the figure that it provides a tight connection between transducer assemblies. Lighter
shade of grey is plastic outer shell of the tool, which not only provides protection to
tool core, but also clamps it in place.
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Figure 2.17: Color coded cross section of assembled tool: (A) M8 nuts, (B) force
transmitter, (C) bottom shell, (D) top shell, (E) maltese crosses, (F) axial transducers,
(G) padding ring, (H) external spacer, (J) M2 bolts, (K) middle part of inner core, (L)
bottom part of inner core, which fixes to a handle and (M) top part of inner core with
physical stop feature
2.5.7 Tool coordinate system
Due to the way forces and torques are calculated, coordinate system of the tool is also
important. The Z axis is pointing along the toold handle and towards the user, with X
and Y axis following the right hand rule for determining coordinaate axes, as displayed
in Figure 2.18. This placement of Z axis ensures that the maximum force during surgery
will be positive along device’s axis.
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Figure 2.18: Coordinate system of the tool
Local coordinate systems of the maltese cross and the axial transducer elements
follow coordinate system of the tool, which means that no additional transformations
of measurements need to be done in order to obtain results. Strain gauge placement is
Figure 2.19: Strain gauge placement on maltese cross and its coordinate system (A) and
strain gauge placement on axial transducer (B)
also important, since wrong placement could yield no strain on the gauges at all. To
ensure maximum sensitivity of the gauges they are placed facing inward, towards the
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tool’s central core as close to the end of beams as possible. This is shown in Figure 2.19
2.6 Clip-on force sensor
In parallel with development of vaginal manipulator head, another sensor was
developed. This sensor’s design was simpler, as it was only required to measure 3
degrees of freedom, all three forces and no torques. It was designed in such a way
that it could be added or removed from the handle of a basic tool [25], which not only
made it easier to design but also eliminated issues with sterilisation, as the tool could
now be draped without influencing measurements. Draping the tool meant that
sensor now no longer needed to be sterelised after each use, but only desinfected.
Figure 2.20: Clip-on force sensor exaggerated reaction to applied forces
This sensor was designed to check if only 3 DOF is sufficient for a robot to use the
tool, or a 6 DOF design is needed instead. Considering the enviroment in which this
tool is used, it is very likely that no torques need to be measured.
Clip on sensor shown in Figure 2.21 works in a similar way to sensor in tool head, it
uses a double maltese cross configuration with a total of three full wheatstone bridges
to measure forces applied at the tip of the tool. Reaction to different forces can be
seen in Figure 2.20. Maltese cross elements in this sensor are slightly different and are
actually more similar to what we reffer to as axial transducer in this thesis.
In a manner similar to ours, sensor is read with NI cRIO controller and NI 9237
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Figure 2.21: Render of COFS tool
strain gauge input modules described in chapter Hardware. Calibration matrix was
also calculated, this time it was only 3x3, since there are less inputs used. As expected,
calculated elements in calibration matrix were mostly in the diagonal of matrix, with
non-diagonal elements being less than 4 % of diagonal element’s value. This shows
that sensor was not perfectly decoupled, however scale of coupled forces is deemed
within limits given the application.
3 Data acquisition and processing
3.1 Hardware
Hardware used for reading of the strain gauges was repurposed from previous project
with a similar theme. The most important part is embedded controller from National
Instruments, a cRIO-9074. The second piece of hardware is likewise from National
Instruments, a NI-9237 strain gauge input module.
3.1.1 NI cRIO 9074
NI cRIO 9074 (Figure 3.1 is a legacy controller from National Instrument’s compact
RIO family [26] which features real-time processor and an FPGA. You can connect to it
either through serial port or ethernet connection, it also features an additional ethernet
connection for slave devices, such as NI-9144 module chassis, which serves to add extra
module ports to master controller. cRIO 9074 has 8 module slots, for our application
only 3 will be used.
Connecting to the controller with computer is easy with standard ethernet cable,
plugging it in on both sides is enough. The only thing to keep in mind is to disable all
forms of authentication on computer’s side, such as IEEE 802.1X authentication, which
prevents controller from connecting.
3.1.2 NI 9237
NI 9237 is a strain gauge input module, meant for reading of half or full wheatstone
bridge configurations [27]. This module features 4 analog input channels with a range
of +- 25 mV per volt of excitation voltage and has internal bridge completion – each
bridge connected to the module can be completed with internal 120 Ω resistors, instead
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of adding additional resistors to the bridge itself. Strain gauges can be connected to it
either with RJ50 connectors or D-SUB connector. In our case one module uses a D-SUB
connector and two use RJ50 connectors. When connecting 4 wheatstone bridges to
the module, power consumption also has to be kept in mind. Specifications state that
module shouldn’t use more than 150 mW of power in total and thus recommend that





where N is number of used ports and R is 2 times the resistance of a single resistor in a




= 104 mW (13)
Excitation voltage can be provided internally or externally, in our case we used
internal supply. Internal excitation voltage can be set in Labview module settings at
any time, ours was set to 2.5 V as per recommendations.
Figure 3.1: cRIO controller with 3 strain gauge input modules
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3.1.3 Aurora System
Northern Digital Inc. Aurora System is an electromagnetic tracking system [28],
depicted in Figure 3.2, which will be used during operation in the future. Whole
system consists of system control unit, sensor interface unit, field generator and
sensors themselves. Field generator as name suggests generates a variable
electromagnetic field, which then induces small currents in the sensors, magnitude of
which depends on sensor’s distance and angle from field generator.
Figure 3.2: Complete aurora system: system control unit (A), field generator (B) and
sensor head (C)
For our purpose a planar field generator was used, which offers us two field modes,
a cube and a dome shape. We used cube shape, which tracks a sensor within a cube of
dimensions 500 mm x 500 mm x 500 mm, 50 mm above the generator itself, with RMS
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error of 0.48 mm.
Aurora system was not used to track anything in our case, rather we used it to
estimate its effects on test setup.
3.2 Software
Software part of this thesis included a Labview program to calculate calibration
matrix and a data acquisition and display program to be used in OR. Beside these two
programs, several calculations were done in Matlab to aid in design [29], as well as
another Labview program specifically designed for our test setup cantilever beam.
Each data acquisition program has several steps that are common to them. File
creation, input calibration, data acquisition, processing, logging and display.
File creation function is native to Labview, any string can be converted to a file path.
In our case we concatenated absolute folder path address with file name string. File
name string, when used in OR program should follow certain rules, for better data
logging and tracking. It should follow this format: N Surname date time. Example of
J Deprest 12032018 1201 means that dr. Jan Deprest was leading surgeon in operation
on 12th of March 2018, starting time of operation 12:01.
Finally to this string a file suffix is added, by default this suffix is .csv, which creates
a Comma Separated Value file, which is easily imported into third party programs for
further processing. Additional option is .txt file, which creates Text file. Due to the way
files are created, this Labview program will only work properly on Windows operating
systems.
Input calibration is done at the start of each procedure. Tool should be placed in the
upright position while calibration is being done. Over 2 seconds, a thousand samples
are taken from each input. These samples are then averaged for each input and then
subtracted from each data sample in the main program loop. This ensures that when
there is no external force applied to the tool, only gravity is detected, since there was
no gravity detection cancelation implemented in the software.
Data acquisition, processing, logging and display varies in complexity and was
done differently depending on the program, so more on that in subsections 3.2.2 OR
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program and 3.3 Test setup.
3.2.1 Matrix calculation
Matrix calculation program was to be run only one time, to obtain values for a K
matrix, which would then be used in OR program. There were actually two matrix
calculation programs written, first one uses least squares method for linear function
approximation while the second one uses pseudoinverse of vector of measurements.
The second method was used when we found out that Labview actually already has a
built in pseudoinverse function, which made the program much simpler.
The least squares method is used to calculate each element of the matrix separately,
approximating each gauge’s response with a linear function [30]. In simple terms, the
equation goes as follows
F = m ∗ x + b, (14)
where F is force, m is a single element of matrix and b is intercept or vertical offset of
function. Matrix element m is then calculated as
m = ∑
(Fi − F) ∗ (xi − x)
∑(xi − x)2
(15)
and b is then calculated as
b = F − m ∗ x. (16)
Test setup only had one input, so only one element was calculated. Result for that
element came out as m = 9771980, which means that any input had to be multiplied by
nearly 10 milion to get force values. The value of b was negligible, only -0.0745 and was
thus discarded. Maximum error value for test setup using this method was 1.47 % or
3.29 N at a measurement of 223.70 N. Maximum absolute error value was -8.35 N in a
measurement of 967.35 N. It is worth pointing out that for test setup non-standardized
weights were used, their weight measured by an older model of laboratory scale. This
would be unacceptable for final product, but for test setup it was good enough.
In Figure 3.3 part of linear least squares matrix calculation program can be seen.
That block of code essentially calculates the value of m for each of 6 raw input vectors
and a vector of force in which only one element is non-zero. Most of the block deals
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Figure 3.3: Least squares method
with transformation of vectors into matrices and back, which Labview requires in order
to obtain correct results.
Raw input vector was obtained by first taking 1000 samples over 3 seconds and
outputting mean value of those samples. This is then repeated for all weights used in
calculation, before continuing to the actual calculation.
The second method of obtaining the matrix is with a pseudoinverse of vector of
inputs, derived from force vector calculation in equations (17) and (18) and finally
calculated in equation (19)
F = K ∗ X (17)





where X∗ is a hermitian transpose of a vector, however for a vector with only real
values it is just a normal transpose Xt. A single value calculated for test setup was
practically identical between pseudo-inverse and linear least squares methods.
Again 1000 samples are obtained over 3 seconds and a mean is calculated. A mean
obtained for all 6 values of forces and torques is then fed into a vector, pseudoinverted
and multiplied by the force vector in which again all but one value are zero. Resulting
vector was then broken down to single values, which were then saved in another
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vector of similar values, to which all subsequent measurements were added. This
vector was then fed through Gaussian mean function, native to Labview, to obtain the
best approximation which was then displayed to the user of the program.
3.2.2 OR program
OR program is the main program to be used during surgeries. It collects data from the
tool, processes it and displays it on a screen. Figure 3.4 is a screenshot of front panel
or user interface of the program. Instructions for use are displayed on the left and are
usually hidden off screen, in case there is a need to diagnose a problem with the tool,
there is some diagnostics data in the bottom left corner, which is hidden under normal
circumstances .
Front panel provides program settings, such as file and name selection and data
recording options. Option to create ML file has also been added, if selected it creates a
file meant for use in machine learning and as such only records raw and uncalibrated
data. In total there are 4 things displayed on the screen: a graph of forces and another
one for torques, status of program and current values of forces and torques. Status
window offers insight on status of the program and warns user in case forces exceed a
certain threshold, curently this threshold is set at 50 N.
Actual program uses same tricks for data collection as matrix calculation program
or test setup use. Before each procedure a calibration is preformed, which sets zero
offset error and it is done by taking a thousand samples over three seconds. These
samples are then averaged out and sent forward to data acquisition loop.
Data acquisition for matrix calculation and main program employs a trick, to
reduce calculation times and simplifies things somewhat. There are in total 12 outputs
from the tool, 4 for each of the maltese cross elements and 2 for each of axial
transducers. These outputs are then summed up according to Figure 3.5 so only 6
values are obtained, mathematical explanation how this is done has already been
explained in chapter Force and torque transfer, equations 6 through 11. As a simple
filter, average value of last 50 measurements of those 6 values is calculated. 50
measurements is just enough to filter out noise and small enough so that there is little
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Figure 3.4: Front panel of OR program, with instructions for use on the left
to no delay between the force being applied and data being recorded.
After acquisition, values are written into a matrix and then by using calibration
matrix, result vector is obtained. This vector is broken appart and each value is then
timestamped, displayed and written into a file. To make data acquisition as fast as
possible, there are actually two timed loops running at the same time. The first loop is
data processing loop which runs at 30 Hz, the second one is data display loop which
runs at 10 Hz. Despite data display loop running slower, all the data points are still
written in a file for further processing after surgery is completed.
3.3 Test setup
Test setup was meant to test the accuracy of our calculations and strain gauges
themselves. Equations [31] used were slightly different as the beam used for testing
was a simple cantilever beam, which was clamped at one end and had a suspended
weight applied at the other end. The following equations describe a cantilever beam:
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(3l − x). (22)
The beam was a rectangular solid 23 mm wide, 5 mm high and 127 mm in length.
The strain gauge was placed 48 mm away from the point of clamping, centered to the
width of the beam, as shown in Figure 3.6. Material of the beam was aluminium, which
gives us information about Young’s modulus E = 68 GPa.
When testing beam was properly set up, it was hooked up to cRIO and Input
modules using cables with RJ50 connectors [32]. These connectors look practically
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Figure 3.6: Sketch of a test setup
identical to standard RJ45 ethernet connectors, with the exception of pins, as RJ50 has
10 pins instead of 8. National instruments website explicitly warns of this, as using
wrong connectors could ruin expensive lab equipment.
Connecting to cRIO controller is done over ethernet cable, which can present some
problems to some users. During our experiments we had great trouble establishing a
connection, which was caused by wrong ethernet port settings on our computer. We
had IEEE 802.1x authentication enabled, it should be disabled when connecting to the
controller.
When connection was properly established, wehave written a simple program for
single half-bridge reading. In order to obtain as much information as possible in order
to improve final OR program, all data was recorded and displayed. Raw data
obtained from test setup program was then compared to Matlab calculations of the
setup and results agreed with each other, final error was only about 5%, which is quite
a good result considering all beam measuremets were done by hand. Additional
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information regarding final results can be found in the next chapter.
1 c l e a r a l l ; c l o s e a l l ; c l c ;
2
3 W = 2 ∗ 9 . 8 1 ; %f o r c e
4 l = 0 . 1 2 7 ; %length of beam
5 x = 0 . 0 4 8 ; %place of gauge
6 E = 6 8∗1 0 ˆ 9 ; %Aluminium Young ’ s modulus
7 b = 0 . 0 2 3 ; %width of beam
8 d = 0 . 0 0 5 ; %height of beam
9 z = d/2; %extreme f i b e r
10
11 GF = 1 . 7 4 ; %gauge f a c t o r
12 Vex = 2 . 5 ; %e x c i t a t i o n vol tage
13
14 I = b∗dˆ 3 / 1 2 ; %moment of i n e r t i a
15 Z = I /z ; %s e c t i o n modulus
16 s = W∗ ( l−x ) /Z %s t r e s s
17 e = s/E %s t r a i n
18 Vo = GF∗e/2 %output vol tage
Snippet of Matlab code used to calculate output voltage [33].
3.3.1 Results
There were several results of interest to us, mainly that data gathered is correct and
that long recording times have no effect on it. To accomplish the second task, 12 inputs
were added to OR program which was then executed. Most of the inputs were unused,
which means that program was gathering random noise rather than proper data, but
the important thing is that it was gathering something. This test was important because
of the way the program is designed, if quick data gathering is desired it can not be
written to a file on each loop iteration, this would cause framerate to drop significantly.
Instead it is written into memory and only after recording is stopped is it written into
a file.
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Figure 3.7: Actual test setup with improvised weight swing
For this stress test data was written into machine learning file, which gathers raw
input and an ordinary surgery recording file. Program was left running for 2 hours
and approximately 57 minutes and then stopped. In total during this time, 276 458
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data points were gathered, which translates into approximately 26 per second. This
is slightly lower than 30 data points set in the program. Machine learning file came
out with over 42 MB file, while surgery data file had 23 MB. File was being created for
19 minutes after recording was stopped, fortunately it is being written even if the tool
is unplugged from the system and even if the connection is lost. The only thing that
prevented file from being written during stress tests was power loss in computer.
Checking if gathered data is good was done by measuring gravitational force
exerted by several different weights onto the test setup. Weights used were 100
grams, 127 grams, 186 grams, 221 grams, 956 grams and 2000 grams, all shown in
Figure 3.8. Only the 2 kg and 100 g weights were standardized, the rest were
improvised and weighted on a laboratory scale to obtain their mass.
Figure 3.8: Some of the weights being used in the experiment
To ensure there is no histeresys or memory effect when measuring forces, weights
were slowly added to the swing and then taken down one by one. No difference in
results was recorded apart from noise caused by the swing not being completely still.
Another test was to quickly add a weight to the swing and then take it off and check
how fast a change in measurements is detected.
Test on effects of Aurora system on the test setup depicted in Figure 3.7 was also
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performed. The field generator was moved around and below the test setup while it
was running. There were no visible changes in measurements of the test setup while
this was being done.
An unofficial test was preformed in order to try and determine a minimum weight
that could be measured. For this purpose a pen, weighing approximately 20 grams,
was lightly placed on measuring swing and results observed. Unfiltered results
noticeably changed even with such a small weight applied, however significant
filtering had to be employed in order to get a stable reading. Filtering used was again
an average of measurements, but at least 500 samples had to be averaged out in order
to discern measurement from noise. This many averaged samples increase rise time of
output signal to several seconds, which makes this method unusable. Better method
would be high frequency filtering, since noise is usually switching quite fast
compared to measurements.
4 Conclusion
This work has explored the design aspect of force sensors with limited available
space. Development of maltese cross and axial transducer elements provided an easy
to adapt and manufacture solution for such sensors. Programs written can be a future
reference for strain gauge reading with NI cRIO controllers and NI strain gauge
modules, however it should be noted that these modules are not suitable for
applications where high speed sampling is required. Test setup also provided insight
into sensitivity and reliability of strain gauges.
4.1 Future work
During future development of this tool, several things should be either changed or
removed. First there is the sterilisation issue with spacing between bottom part of the
shell and handle as well as a gap between the two shells. A possible solution to this
would be a medical grade silicon cover over the whole sensor, which would then be
clamped between the handle and tool core. This would eliminate both problems at the
same time, but create new ones. As already discussed, draping the tool could impact
measurements and silicon cover would essentially just replace the drape. Besides that,
biological matter could also get caught at point of clamping, which would then just be
moving the same issue somewhere else. There is also an option of redesigning the shell
as a whole, to remove these drawbacks.
Maltese cross elements have incorporated a physical stop feature, however as
discussed in Maltese cross Third version chapter it does not actually prevent breaking
of this element. As stated before, manufactoring limitations prevent the design of a
suitably small gap that would work. This could be fixed by removing physical stop
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feature from the cross element and instead adding it to force transmitter element.
Doing this would remove manufactoring limitations, as the pieces would be done
separately. This could also lead to them not fitting properly due to tolerances, since
the gap between physical stop and maltese cross needs to be very small. Easiest
solution would be to just use the tool during surgery and actually measure the viable
span of forces used during the procedure and then design beam dimensions
accordingly.
Sampling rate of Labview OR program is currently slightly lower than 30 Hz
during extended recording sessions. For a robot to react properly and in timely
manner to force changes this rate should be higher. Due to limitations that Labview
programming of this scope presents, the best solution would be to not use it at all.
Instead a custom designed microcontroller circuit with A/D converter capabilities
should be used.
Microcontrollers can easily achieve sampling rates of thousands of samples per
second and if done correctly timing between samples doesn’t fluctuate more than a
few microseconds. Along with good sampling, microcontrollers also offer several
different communication protocols which can interract with other hardware, such as
SD cards to save data for post-procedure processing.
Using small microcontroller PCBs also has the advantage of low power
consumption, which means a battery can be used to power it all. This removes the
need for long cables that would get in the way during procedure, although cable
connecting the tool to microcontroller would still need to be present.
Before use in the operating room, the tool should also be subjected to vigorous
testing, since no tests on actual tool were done during the writing of this thesis. Only
a single test setup was made to test strain gauge responses to forces applied.
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